Effective and safe insulin gene therapy will require regulation of transgenic insulin secretion. We have created a livertargeted insulin transgene by engineering glucose responsive elements into a hepatic promoter containing an inhibitory insulin response sequence. In this work, we demonstrate application of this transgene for the treatment of diabetes mellitus in vivo, by administering a recombinant adenovirus vector, Ad/(GlRE) 3 BP-1 2xfur, to rats made diabetic with streptozotocin. We verified hepatic expression of transgenic insulin by RT-PCR, and confirmed glucose responsive stimulation of transgenic insulin secretion in vivo by serum RIA. Following a portal system injection of either Ad/(GlRE) 3 BP-1 2xfur, or an empty adenoviral vector, animals made diabetic with either low (120 mg/kg), or high (290 mg/kg) dose streptozotocin (STZ) were monitored for changes in body weight, and blood glucose. Without subcutaneous insulin injections, blood glucose values of sham-
Introduction
Type 1 diabetes mellitus (DM) is usually precipitated by autoimmune destruction of pancreatic ␤-cells, leading to insufficient insulin production. 1 Since clinical symptoms are caused by diminished production of a single protein, diabetes is a natural candidate for treatment by gene therapy. Multiple investigators have demonstrated functional insulin gene transfer both in vitro and in vivo. [2] [3] [4] However, attempts to regulate transgenic insulin production have proven inadequate. 5, 6 Consequently, secretion of transgenic insulin has been either insufficient to normalize blood glucose, 4, [6] [7] [8] [9] or has produced lethal hypoglycemia. 3, 4, 7 We have designed a system of insulin gene therapy that utilizes transcription to regulate hepatic production of transgenic insulin. 10 Transgene expression is regulated by a promoter composed of three copies of a stimulatory glucose responsive element (GlRE) from the rat liver pyruvate kinase (rL-PK) gene inserted directly upstream of an inhibitory insulin response element of the insulin-treated animals (n = 8) remained elevated, and animals failed to gain weight (n = 4), or died (n = 4). In contrast, body weight of Ad/(GlRE) 3 BP-1 2xfur-treated animals (n = 13) increased, and blood glucose remained at near normal levels from one to 12 weeks. Glucose values Ͻ50 mg/dl were infrequently observed, and no Ad/(GlRE) 3 BP-1 2xfur-treated animal succumbed to hypoglycemia. Treatment with the insulin transgene enabled diabetic animals to reduce blood sugars following a glucose load, and to maintain blood sugar levels during a 10-h fast. Hepatic production of human insulin produced near normal glycemia, and weight gain, without exogenous insulin, and without lethal hypoglycemia. In conclusion, we have demonstrated the feasibility of utilizing transcription to control transgenic insulin production in a rodent model of diabetes mellitus. Gene Therapy (2000) 7, 1744-1752.
like growth factor binding protein-1 (IGFBP-1) basal promoter. Following gene transfer into hepatocytes insulin production is stimulated by glucose, while promoter activity is suppressed by insulin. 10 Insulin message is transcribed from a human insulin cDNA modified to allow proinsulin cleavage at the B-C and C-A junctions by furin, an endogenous hepatocyte peptidase. 11 Here we report the effects of metabolically sensitive hepatic insulin production on blood glucose levels of rats made diabetic with streptozotocin (STZ). Following insertion of the insulin transgene into a replication defective adenovirus, we injected the portal system of diabetic rats with our transgene containing virus, or an empty vector. Upon withdrawal of exogenous insulin injections used to control glycemia in animals for the first 3-6 days after surgery, sham-treated animals failed to gain weight, and remained hyperglycemic. In contrast, treated animals gained body weight, and demonstrated nearly normal blood glucose levels.
Results
Ad/(GlRE) 3 BP-1 2xfur transduced hepatocytes secrete human insulin in vitro The capacity of the Ad/(GlRE) 3 BP-1 2xfur adenoviral vector to confer metabolic responsive insulin production was verified in vitro by infecting rat hepatocytes in primary culture. Hepatocytes were transduced with Ad/(GlRE) 3 BP-1 2xfur (MOI 10), and then cultured overnight in serum and insulin-free medium supplemented with lactate or increasing amounts of glucose. Insulin in the conditioned medium, measured using a human insulin RIA, increased in response to increasing glucose exposure. Confluent hepatocytes in a 60-mm dish provided with lactate alone secreted 9.29 ± 0.71 s.e.m. mU/ml immunoreactive insulin. In contrast, cells exposed to 30 mm glucose produced an average of 46.76 ± 4.26 s.e.m. mU/ml insulin during the same overnight incubation (Figure 1 ). The correlation between glucose and insulin secretion was dose-dependent, with an ED 50 of approximately 20 mm glucose, and achieved a maximum between 30 and 40 mm glucose.
Ad/(GlRE) 3 BP-1 2xfur administration produces glucose responsive hepatic insulin secretion in vivo Following portal system administration of Ad/(GlRE) 3 BP-1 2xfur to STZ-treated rats (125 mg/kg), hepatic transgene expression was verified by RT-PCR. In reactions using primers specific for GAPDH, amplification of total liver RNA revealed a 300 bp fragment in animals treated with either Ad/(GlRE) 3 BP-1 2xfur, or the empty adenoviral vector Ad dl312 (Figure 2a ). However, insulin specific primers produced a 356-bp fragment only in reactions containing RNA from Ad/(GlRE) 3 BP-1 2xfur-treated livers. Reactions using RNA from Ad dl312 injected livers failed to produce this band.
We confirmed transgenic protein production, and glucose responsiveness of the human insulin transgene, by measuring immunoreactive human insulin levels in three Ad/(GlRE) 3 BP-1 2xfur-treated rats both before, and after glucose administration (Figure 2b ). Following overnight access to food ad libitum, chow was withheld for 5 h before animals received intraperitoneal injections of 3 cc 50% glucose. Blood sugar was determined immediately before, and at 1 and 2 h, after glucose administration. Following a 5-h fast, the average blood glucose in these diabetic rats was 100 mg/dl. As expected, glucose administration increased serum blood sugar levels, to an average 213 mg/dl at 1 h. However, by 2 h this value had again fallen to an average of 83 mg/dl. Thus, 2 h after an intraperitoneal injection of glucose the average blood sugar was below that produced by a 5-h fast (P = 0.04). Serum levels of immunoreactive human insulin averaged 199 U/ml at time 0, and increased in response to glucose stimulation to 449 U/ml at 2 h (P = 0.007 compared with pre-glucose). The serum of normal, untreated rats tested with this assay produced readings of 6.13 ± 1.00 U/ml (n = 3, mean ± s.e.m.).
Dose ranging study for Ad/(GlRE) 3 BP-1 2xfur administration To determine which transgene quantities might be effective in controlling glycemia and weight loss due to diabetes, we administered increasing doses of Ad/(GlRE) 3 BP-1 2xfur to five animals made diabetic with STZ (125 mg/kg). Viral dose ranged from 0 (NaCl 0.9%) to 3.6 × 10 9 p.f.u. per animal, and all animals were sustained with exogenous insulin injections for 1 to 6 days. Glycemic control in all animals was erratic during the period of exogenous insulin administration. Following discontinuation of injected insulin, random blood sugars tended to vary inversely relative to the administered viral dose. Blood glucose in the control animal increased to Ͼ250 mg/dl, and the animal developed ketonuria, weight loss, and died within 2 days (Figure 3a ). Blood sugars in animals receiving either 3.6 × 10 8 or 8.9 × 10 8 p.f.u. also remained consistently greater than 250 mg/dl. In contrast, random glucose values in the animal receiving 1.8 × 10 9 p.f.u. fell to less than 200 mg/dl for 5 days following discontinuation of insulin injections, and were less than 200 mg/dl in 25 of 29 (86%) consecutive random measurements in the animal receiving 3.6 × 10 9 p.f.u. (Figure 3a) . The animal receiving this highest viral dose, maintained glycemic control for a total of 44 days before developing persistent hyperglycemia (data not shown).
Changes in percentage body weight also varied, but in direct relation to viral dose. Animals receiving the two highest viral doses (1.8 × 10 9 and 3.6 × 10 9 p.f.u.) steadily gained weight following discontinuation of exogenous insulin. The animal receiving 3.6 × 10 8 p.f.u. also gained weight at a diminished rate. The animal receiving 8.9 × 10 8 p.f.u. failed to recover weight lost following STZinjection ( Figure 3b ). Ad/(GlRE) 3 BP-1 2xfur treatment ameliorates metabolic abnormalities of STZ-induced diabetes mellitus To determine if transgenic insulin production is sufficient to sustain diabetic animals following withdrawal of exogenous insulin we analyzed data from 14 animals made diabetic by the injection of 120-125 mg/kg STZ, including the animal receiving 3.9 × 10 9 p.f.u. in the dose ranging study. Changes in body weight, and blood glucose of animals treated with Ad/(GlRE) 3 BP-1 2xfur (3.4 × 10 9 -1.4 × 10 10 p.f.u.), were compared with animals injected with saline, or the Addl312 vector alone.
All animals lost weight following STZ injection. Weight loss slowed, or reversed, with the initiation of exogenous insulin injections. Among sham-treated animals weight gain was temporary. Discontinuation of insulin was followed by 4 days of weight gain, with subsequent stabilization in three Addl312-treated animals ( Figure 4a) . A fourth Ad dl312-treated animal, and a NaCl-treated animal failed to gain weight, while the remaining NaCltreated animal precipitously lost weight. (Figures 4a) Intake and output of the four Ad dl312-treated rats was measured in metabolic cages during 6 h of a light period. Average chow consumption was increased nine-fold compared with normal animals (data not shown). Water intake was 17-fold greater in Ad dl312-treated rats, than in normal animals, while output of stool and urine were increased 2.5-and nine-fold, respectively (data not shown). In contrast, all Ad/(GlRE) 3 BP-1 2xfur-treated animals continuously gained weight during a comparable time span, without the plateau observed in shamtreated animals (Figure 4b) . Moreover, weight gain in Ad/(GlRE) 3 BP-1 2xfur-treated animals continued until death (14-80 days).
In both treatment groups, average daily blood sugars rose sharply following STZ administration, and remained elevated in spite of exogenous insulin administration ( Figure 5 ). Excluding the first 24 h following discontinuation of exogenous insulin, all blood sugar values of six sham-treated animals, except one, were greater than 200 mg/dl. In contrast, levels of blood sugar in Ad/(GlRE) 3 BP-1 2xfur-treated rats fell within 2 to 4 days after virus injection.
The duration of metabolic control produced by treatment with Ad/(GlRE) 3 BP-1 2xfur was variable, lasting from 7.9 days after virus injection to 84.9 days after virus injection. Thereafter, all Ad/(GlRE) 3 BP-1 2xfur-treated animals redeveloped persistent hyperglycemia (Ͼ250 mg/ml for у3 consecutive measurements). As each animal developed persistent hyperglycemia, the duration of metabolic control was recorded, and elevated blood glucose values were excluded from the calculation of group averages. Death of three animals during the study reduced the number of animals contributing to daily averages. However, each data point in Figure 5 utilizes the results of at least three independent animals.
Mean blood glucose values were significantly lower in Ad/(GlRE) 3 BP-1 2xfur-treated animals than in sham- Gene Therapy treated animals (P Ͻ 0.05 for 9 of 10 days immediately following discontinuation of exogenous insulin), but fluctuated widely. To obtain a more detailed evaluation of efficacy we examined the frequency distribution of random blood glucose values from Ad/(GlRE) 3 BP-1 2xfur-treated animals made diabetic with 125 mg/kg STZ. Values obtained within 18 h of exogenous insulin, or after development of sustained hyperglycemia were excluded ( Figure 6 ). Of the 186 values available for analysis, 128 (68.81%) fell between 70 and 200 mg/dl, while 20 values (10.75%) were у200 mg/dl, and 38 values (20.43%) were р70 mg/dl. Only six values (3.23%) were у250 mg/dl, and a single value exceeded 300 mg/dl. Severe hypoglycemia, arbitrarily defined as р50 mg/dl, was detected eight times (4.30%), with a nadir of 29 mg/dl. No animal died of hypoglycemia.
Ad/(GlRE) 3 BP-1 2xfur treatment ameliorates hyperglycemia induced by high-dose STZ To reduce the possibility that residual endogenous insulin production had contributed to glycemic control we sought to maximize ␤-cell destruction by increasing the dose of STZ used to induce diabetes from 125 to 290 mg/kg. Blood glucose increased in both Ad/(GlRE) 3 BP-1 2xfur-treated, and untreated animals following STZ administration, and fluctuated widely during treatment with subcutaneous insulin. Upon discontinuation of exogenous insulin, the two sham-treated animals developed ketonuria, precipitously lost weight, and were killed (Figure 7a ). In contrast, the blood sugars in each of the Ad/(GlRE) 3 BP-1 2xfur-treated animals stabilized at levels generally less than 200 mg/dl (Figure 7b ). We obtained 207 random glucose values later than 18 h after the last subcutaneous insulin injection, but before the redevelopment of sustained hyperglycemia. Of these, 103 values (49.76%) fell within the 70-200 mg/dl range, 40 (19.32%) were р70 mg/dl, and 14 (6.76%) were р50 mg/dl ( Figure 6 ). An additional 37 values (17.87%) were у200 mg/dl, with 13 (6.28%) у250 mg/dl. As in the previous group, no animal died of hypoglycemia.
Intraperitoneal glucose-tolerance tests, and 10-h fasts were used to determine the response of the insulin transgene to environmental variables. After overnight feeding ad libitum chow was withheld for 4.5 h from each of three rats first made diabetic by high-dose (290 mg/kg) STZ, and then treated with Ad/(GlRE) 3 BP-1 2xfur. Three normal animals were used as controls. An intraperitoneal glucose tolerance test (IPGTT) was performed by administering 1.35 g/kg glucose. Before injection blood glucose values in normal animals ranged from 71-94 mg/dl (Figure 8a ). They increased significantly by 1 h (P Ͻ 0.05, for averages), and returned to baseline by 2 h. Baseline blood glucose values in the STZ-treated animals ranged from 71 to 101 mg/dl (Figure 8b ). Thirty-minute blood glucose values were uniformly elevated, and achieved a maximum in two animals. In these two animals, 1-h values had declined, and were less than 140 mg/dl by 2 h. All values were between 80 and 140 mg/dl by 3 h, and continued to decline by 4 h.
Figure 8 Effect of IPGTT on blood glucose in normal and diabetic rats. After overnight ad libitum access to chow, animals were fasted for 5 h before administration of glucose (50% in water, 1.35 g/kg) by intraperitoneal injection. (a) Mean blood glucose values for normal rats (n = 3); (b) Individual blood glucose values for diabetic rats (n = 3) treated with
Ad/(GlRE) 3 
BP-1 2xfur.
While no transgene-treated animal succumbed to hypoglycemia, sporadic low blood glucose values suggested the potential for over-production of transgenic insulin. To test the ability of treated animals to withstand food deprivation, the three treated animals used in the IPGTT study, were subjected to a more prolonged period of food deprivation. Following overnight access to chow ad libitum, serial blood glucose measurements were obtained while animals were subjected to a 10-h fast ( Figure 9 ). Blood glucose values at the beginning of the fast averaged 91.3 mg/dl. Two of the a.m. glucose values were below normal for fed rats (44 and 51 mg/dl). 12 However, upon withdrawal of chow, blood glucose for these two animals increased over the next 5 h, and stabilized within a normal range. The highest blood glucose fell sharply within the first 30 min, and subsequently stabilized at approximately 70 mg/dl for the last 3 h of the fast.
Discussion
The basic components of insulin gene therapy are widely available. Functional insulin genes can be transferred to multiple tissues, 4, 7, 9 and the capacity of non-␤-cells to secrete biologically active transgenic insulin in sufficient quantities to affect metabolism is well established. 4, [7] [8] [9] 13 However, an inability to coordinate transgenic insulin secretion with fluctuating demands for insulin action has limited the efficacy of insulin gene therapy models in vivo. Recently, we demonstrated the utility of combining a metabolically responsive promoter with a modified insulin expression sequence to create a transcriptionally regulated system that couples human insulin production to glucose exposure in rat hepatocytes. 10 The current study extends those observations to a rodent model of insulin gene therapy in vivo.
We effectively controlled the hyperglycemia and weight loss associated with chemically induced diabetes mellitus by using transcription to regulate transgenic insulin secretion. When diabetic animals were treated with portal system injections of either an empty adenoviral vector (Addl312), or NaCl 0.9%, they remained hyperglycemic, and either failed to gain weight, or became catabolic. In contrast, when identically lesioned rats were treated with Ad/(GlRE) 3 BP-1 2xfur they continuously gained weight, and maintained nearly normal blood glucose levels. In spite of dramatic reductions in blood glucose compared with controls, no animal succumbed to treatment-induced hypoglycemia. Human insulin, indicative of transgene function, was detected in the serum of treated animals, and increased in response to glucose loading. Thus, our model demonstrates efficacious regulation of a biologically active insulin transgene in vivo.
The degree of metabolic stabilization produced by our insulin transgene is unusual. A variety of insulin gene transfer protocols has been limited by lethal hypoglycemia, 3, 4, 7, 14 while others have affected glycemia only moderately, or for short periods of time. 6, 8, 9, [15] [16] [17] [18] By contrast, Ad/(GlRE) 3 BP-1 2xfur treatment produced a significant, sustained improvement in blood sugars. In animals made diabetic with 125 mg/kg STZ 69% of all random blood glucose measurements obtained before the recurrence of sustained hyperglycemia were between 70 and 200 mg/dl. Moreover, rates of hypoglycemia were less than observed in two published models of aggressive treatment with exogenous insulin. In a study comparing subcutaneous insulin algorithms for the treatment of STZ-diabetic rats the lowest reported incidence of hypoglycemia was 31% р70 mg/dl, and 16% р50 mg/dl, but was attained only with twice daily insulin administration. 19 To achieve normal 24-h serum insulin profiles in diabetic Wistar rats, Koopmans et al 20 
used continuous
Gene Therapy intravenous infusion and programmed meals. However, even with this elaborate design, they observed severe hypoglycemia (р58 mg/dl) in 40% of fasting blood glucose values. By contrast, we observed hypoglycemia of р70 mg/dl, or р50 mg/dl, in 20% and 4% of all random blood sugars, respectively, without exogenous insulin administration. The degree of metabolic stability produced by our system of regulated transgenic insulin production is further underscored by the capacity of treated animals to tolerate the divergent stresses of glucose loading, and fasting. Following an intraperitoneal glucose load, blood sugars of treated-diabetic rats had fallen to baseline within 3-4 h, and serum glucose remained stable during a 10-h period of fasting. Although significantly improved compared with shamtreated animals, glycemic control in Ad/(GlRE) 3 BP-1 2xfur-treated rats remained abnormal. Random blood sugars varied widely before recurrence of sustained hyperglycemia, ranging from 29 to 302 mg/dl in 125 mg/kg STZ rats, and from 27 to 369 mg/dl in 290 mg/kg STZ rats (data not shown). We attribute these broad excursions to the temporal dynamics of a transcriptionally regulated system. Concomitant with a greater than twofold increased serum immunoreactive human insulin level following an injection of intraperitoneal glucose, blood sugars in Ad/(GlRE) 3 BP-1 2xfur-treated rats declined to levels below baseline. A similar decline was observed in animals receiving high-dose STZ, and is consistent with insulin translation that persists after transcriptional stimuli have diminished. Blood sugars in normal animals receiving intraperitoneal glucose was maintained at pre-injection levels, and confirmed that precise regulation by ␤-cells will not sustain insulin effects in the face of falling glucose. These findings may suggest potential limitations of a transcriptionally based system. However, they also militate against a major effect of endogenous insulin in our experimental system. Pancreatic ␤-cells are known to undergo limited regeneration following STZ treatment. 21 However, measured immunoreactive rat C-peptide in serum of STZ-treated rats (125 mg/kg) was in the range for normal fasting animals, ie was inappropriately low for hyperglycemic animals (data not shown). Reducing the contribution of endogenous insulin production by increasing the dose of STZ from 125 to 290 mg/kg produced minimal changes in glycemic control, and even with this higher STZ dose 49.76% of random glucose values were between 70 and 200 mg/dl. The percentage of random blood glucose values р50 mg/dl increased from 4% in the 125 mg/kg STZ group to 7% suggesting a diminished effect of endogenous insulin, but remained less than some aggressive exogenous insulin regimens. 19, 20 We attribute the success of our system to a combination of efficient gene transfer, production of a potent gene product, and sustained, high-level expression. Multiple investigators have reported hepatic gene transfer efficiencies of у90% using adenovirus vectors similar to ours. 8, 22 Moreover, our approach using an insulin cDNA engineered to permit proinsulin processing in non-␤-cells has produced greater glucose lowering effects [7] [8] [9] 18 than approaches utilizing unmodified insulin-coding sequences. 6, [15] [16] [17] Additionally, our use of a promoter chimera produced from two hepatically expressed genes, L-PK and IGFBP-1, 10 may have avoided the attenuation observed in gene therapy studies using viral promoters.
23-25
The critical importance of regulated transgenic insulin production is underscored by the work of Muzzin et al 7 who avoided lethal hypoglycemia during prolonged fasting in treated rats by adjusting vector dosage of a constitutively expressed transgene. Nevertheless, their animals developed hyperglycemia when fed, presumably because transgenic insulin production could not increase to meet expanded demand. 7 Others have demonstrated transgenic insulin secretion that is regulated by cAMP, glucocorticoids, insulin, or glucose by utilizing metabolically sensitive promoters in hepatocytes or hepatoma cells, and Simpson et al have demonstrated glucose responsiveness in insulin expressing HepG2 cells. [26] [27] [28] [29] However, transfer of these regulatory mechanisms to in vivo models has been difficult. 5 In contrast, data obtained from in vitro studies using our transgene, appear to accurately reflect function in vivo. 10 We are proceeding to describe the secretory dynamics of our system, and anticipate that refinements to our system will reduce abnormal glycemic excursions. Altering numbers or orientations of cis-acting promoter cassettes may improve insulin secretion dynamics. Alternatively, modification of processing steps downstream from transcription may improve temporal responsiveness. Rivera et al 13 have recently described a mechanism for regulating release of presynthesized insulin from the endoplasmic reticulum following administration of a pharmacologic releasing agent, and achieved transient normalization of blood sugars in diabetic nude mice implanted with insulin producing fibrosarcoma cells. Their work supports our contention that ectopic insulin production is an effective means of controlling glycemia. Application of similar methods in conjunction with our transcriptionally regulated system might enhance temporal responsiveness, and would begin to emulate the multilayered regulation observed in ␤-cells.
In conclusion, our data document the successful application of hepatic insulin gene therapy in a rodent model of diabetes mellitus. Transcriptional regulation of transgenic insulin is sufficiently responsive to improve STZinduced hyperglycemia significantly without producing lethal hypoglycemia. Additional work will be required to avoid unacceptably broad glucose excursion, and to develop a vector delivery system capable of allowing sustained transgene function. However, its success may ultimately allow the extension of insulin gene therapy studies to humans.
Materials and methods
Ad/(GlRE) 3 BP-1 2xfur vector construction Ad/(GlRE) 3 BP-1 2xfur was constructed using the Adeno-Quest kit as per the manufacturer's instructions (Quantum Biotechnologies, Montreal, Canada). A SalI/HincII fragment of p(GlRE) 3 BP-1 2xfur containing the glucose and insulin sensitive promoter coupled to a modified insulin expression sequence was inserted into the transfer vector pQBI-AdBN (Quantum Biotechnologies). 10 Co-transfection of pAdBN-(GlRE) 3 BP-1 2xfur and manufacturer-supplied viral DNA into HEK-293 cells permitted homologous recombination, and production of an E1/E3-deleted adenovirus containing the insulin transgene. Synthetic capacity of the transgene was verified by human-insulin specific RIA (Linco Research, St Charles, MO, USA) of medium conditioned by primary cultured hepatocytes infected with crude lysates of expanded viral plaques. Following three-fold plaque purification, viral preparations were prepared by double CsCl density-gradient centrifugation, dialyzed against 10% glycerol/HBS pH 7.4, aliquoted, and stored before use at −70°C. Viral concentrations were determined by an adaptation of the tissue-culture infectious dose method (TICD 50 ). 30 Cell culture and transduction Hepatocytes were isolated from male Sprague-Dawley rats (150 to 200 g, Charles Rivers Laboratories, Wilmington, MA, USA) by a modification of the collagenase (Worthington, Freehold, NJ, USA) perfusion method of Seglen, and maintained as described. 10, 31 Transduction of hepatocytes in primary culture was performed 1 day after isolation by incubating confluent cells on 60 mm plates overnight with Ad/(GlRE) 3 BP-1 2xfur (MOI 10) in DMEM/F12 (Cellgro; Mediatech, Herndon, VA, USA) supplemented with 3% FBS (Atlanta Biologicals, Norcross, GA, USA). Cells were washed twice in PBS, and provided insulin-, and serum-free medium (DMEM/F12 custom blended without glucose; JRH Biosciences, Lenexa, KS, USA) supplemented with amino acids, and either L(+)lactate (Sigma, St Louis, MO, USA), or glucose. Conditioned medium was assayed for human insulin content by a human insulin specific RIA after a further overnight incubation (Linco Research).
Human insulin, rat C-peptide RIA Concentrations of human insulin in conditioned medium, or rat serum, were determined using a human insulin specific RIA reported to have less than 0.1% cross-reactivity with rat insulin, <0.02% cross-reactivity with human proinsulin, and human des 31,32 split-insulin. Cross-reactivity to human des 64,65 split-insulin is reported to be 76% (Linco Research). Rat C-peptide was measured using an RIA with less than 1% cross reactivity to human C-peptide, human insulin, or human proinsulin (Linco Research).
RT-PCR
Immediately upon death, livers of treated and control animals were flash-frozen in liquid nitrogen, and stored at −70°C. Total RNA (5 g), obtained using Trizol (Gibco BRL, Gaithersburg, MD, USA) per manufacturer's instructions, was subjected to reverse transcription using an oligo-dT 17 primer, recombinant RNAsin, and Moloney-Murine Leukemia Virus Reverse Transcriptase (M-MLV RT) (all Promega, Madison, WI, USA). M-MLV RT was inactivated at 95°C, and PCR reactions were performed using a Gene Amp PCR System 9600 thermal cycler (Perkin Elmer, Norwalk, CT, USA), and AmpliTaq DNA Polymerase (Perkin Elmer). The cDNA-mixture was allowed to react for 19 (GAPDH), or 22 (insulin) cycles. Primers used for human insulin were 5Ј-ACCATGGCCCTGTGGATGCGC-3Ј (forward), and 5Ј-CTAGTTGCAGTAGTTCTCCAG-3Ј (reverse). Primers for GAPDH were 5Ј-CTGGTCATCAATGGGAAAC-3Ј (forward), and 5Ј-CAAAGTTGTCATGGATGACC-3Ј (reverse).
Animals studies
All studies were performed on male Sprague-Dawley rats, 200-300 g, housed in individual cages, and exposed to 12-h cycles of light and dark. All procedures were approved by the Institutional Animal Care and Use Committees of Emory University, and the Atlanta VA Medical Center. Unless otherwise specified, animals were provided water and standard rodent chow ad libitum.
Animals were made diabetic by intravenous administration of streptozotocin (STZ) (Pfanstiehl Laboratories, Waukegan, IL, USA), dissolved in citrate buffer, pH 4.0. The diagnosis of diabetes mellitus was based upon findings of two or more consecutive random blood glucose values greater than 250 mg/dl, and ketonuria greater than, or equal to, 3 (out of 5 possible) by urine test strip. Blood glucose was measured via the glucose oxidase method, using tail-blood and a One-Touch Profile portable blood glucose monitor (Lifescan, Milpitas, CA, USA). Urine pH, bilirubin, and acetoacetate were assessed using Chemstix 10 (Boehringer Mannheim, Elkhart, IN, USA). Upon diagnosis of diabetes treatment with subcutaneous injections of insulin (U-100 Lente recombinant human insulin, Lilly, Indianapolis, IN, USA, or U-40 PZI beef/pork insulin, Blue Ridge Pharmaceuticals, Greensboro, NC, USA) was initiated.
On the second day following STZ injection, animals underwent recovery surgery for portal system injections of Ad/(GlRE) 3 BP-1 2xfur, or sham treatment with either Ad dl312, or carrier alone (0.9% NaCl). Surgical anesthesia was achieved using intraperitoneal ketamine 10 mg/xylazine 1 mg/100 g body weight. Ad/(GlRE) 3 BP-1 2xfur-treated animals received 3.6 × 10 8 -3.6 × 10 9 p.f.u., Ad dl312-treated animals an equivalent Addl312 dose determined by measurement of OD 260 while NaCl-treated animals received injections of equivalent volume. 32 The insulin injections begun upon diagnosis of diabetes mellitus were continued from 1 to 6 days following surgery, or until signs of endogenous insulin production (accelerated weight gain, sustained elevation in urine pH and resolution of ketosis, or a tendency for hypoglycemia) became apparent. Animals were monitored daily to every third day for changes in weight, blood glucose, and urine chemistries. Serum for insulin RIA was obtained via jugular venipuncture under Metofane (Mallinckrodt Veterinary, Mundelein, IL, USA) induced inhalation anesthesia, and was aliquoted and stored at −20°C before assay.
Statistics
Significance of differences between groups was calculated using statistical programs resident in Excel 97, or Sigma Plot v3.2. Both programs utilized the Student's one-tailed t test, assuming unequal variances.
